Research was conducted in order to assess potential exposure to asbestos while harvesting firewood from amphibole-contaminated trees near Libby, MT, USA. Three firewood-harvesting simulations took place in the summer and fall of 2006 in the Kootenai Forest inside the US Environmental Protection Agency (EPA) restricted zone surrounding the former W.R. Grace vermiculite mine. Another simulation was conducted near Missoula, MT, USA, which served as the control. The work practices following each simulation were consistent throughout each trial. Personal breathing zone (PBZ) asbestos concentrations were measured by phase contrast microscopy (PCM) and transmission electron microscopy (TEM). Surface wipe samples of personal protective clothing were measured by TEM. The mean (n 5 12) PBZ PCM sample time-weighted average (TWA) concentration was 0.29 fibers per milliliter, standard deviation (SD 5 0.54). A substantial portion (more than five fibers per sample) of non-asbestos fibers (cellulose) was reported on all PBZ samples (excluding field blanks) when analyzed by TEM. The mean (n 5 12) PBZ TEM sample TWA concentration for amphibole fibers <5-mm long was 0.15 fibers per milliliter (SD 5 0.21) and the mean (n 5 12) PBZ TEM concentration for amphibole fibers >5-mm long was 0.07 fibers per milliliter (SD 5 0.08). Substantial amphibole fiber concentrations were revealed on TyvekÒ clothing wipe samples. The mean concentration (n 5 12) was 29 826 fibers per square centimeter (SD 5 37 555), with 91% (27 192 fibers per square centimeter) comprised fibers <5-mm long. There were no significant differences in PBZ and wipe sample concentrations among the tasks performed by four investigators. Each of these three simulations were consistent in demonstrating that amphibole fibers are released from tree reservoirs during firewood-harvesting activities in asbestos-contaminated areas and that the potential for exposure exists during such activities.
INTRODUCTION
For 70 years, a mining operation located 7 miles northeast of Libby, MT, USA, may have supplied 80% of the world's vermiculite (USEPA, 2007) . In the early 1920s, Dr Edward Alley founded the Zonolite Company in Libby. Soon after, the mine and processing facility at Vermiculite Mountain (also known as Zonolite Mountain) was developed. W.R. Grace purchased the site in 1963 and continued operation of the mine until 1990.
Vermiculite was mined and processed primarily for use as building insulation and as a soil conditioner. However, in the case of the Libby ore, it proved to be a hazardous resource. Throughout the deposit, veins of vermiculite ore were contaminated with a toxic form of naturally occurring fibrous, asbestiform amphibole (Pardee and Larsen, 1929) . Today, many areas surrounding the abandoned surface mine and decommissioned processing facilities are contaminated with amphibole fibers as well as are many of the homes within the Libby area.
Former Libby mine and mill workers exposed to amphibole fibers have a high incidence of pleural plagues, asbestosis, lung cancer and mesothelioma *Author to whom correspondence should be addressed. Tel: þ406-496-4792; fax: þ406-496-4650; e-mail: jhart@mtech.edu (McDonald et al., 1986; Dearwent et al., 2000; Peipins, 2003) . The relationship between mesothelioma and asbestos exposure has been adequately explored, with at least 70% of mesothelioma cases reported in direct correlation to asbestos exposure (Hammond et al., 1965; McDonald, 1977, 1980; McDonald et al., 1986; NCI, 2005) . Furthermore, asbestosis mortality in the Libby area was found to be 40-80 times higher than the expected; and lung cancer was found to be 20-30% higher than the expected (ATSDR, 2003) .
It has recently been discovered that tree bark samples collected within the town of Libby, within the EPA-restricted mine area and along the railroad corridor west of town also contain varying levels of amphibole contamination (Ward et al., 2006) . Analyses to date have yielded substantial amphibole fiber concentrations ranging from 41 to 530 million fibers per gram of bark, while a bark sample collected $11 kilometers west of town along the railroad line had concentrations of 19 million fibers per gram. A conversion of these mass-based concentrations to areal concentrations (to reflect surface area contamination) revealed concentrations in excess of 100 million amphibole fibers per square centimeter.
In addition to vermiculite mining, much of the economy in Libby has historically been supported by the harvesting and processing of timber. Western Montana logging companies own $315 000 acres of land surrounding the Libby mine that could potentially be harvested. Because firewood is the cheapest source of fuel in the Libby area, it is the most common source of residential heating during the cold Libby winters. There are an estimated 1300 wood stoves in use in Libby, with at least some of the firewood being harvested within the Libby valley and surrounding forests.
Previous results from tree bark sampling suggest a potential for asbestos exposure to those who harvest or disturb contaminated wood within the Libby area (Ward et al., 2006) . Despite the reliance on local timber resources in Libby, currently no definitive efforts exist to evaluate the potential for asbestos exposure during the common practice of harvesting firewood for residential home heating. The research within this study presents preliminary data that evaluate the potential of amphibole exposure associated with firewood harvesting within a known asbestoscontaminated area. Research trials were conducted inside the Libby EPA-restricted zone where amphibole contamination in tree bark was previously demonstrated (Ward et al., 2006) .
METHODS
During the summer and fall of 2006, three separate firewood-harvesting simulations were conducted on US Forest Service property in an area of the Kootenai Forest inside the EPA-restricted zone surrounding the former W.R. Grace vermiculite mine. These trials were conducted $30 to 35 m off of Rainy Creek road $1.5 km up Rainy Creek road from Highway 37 (Fig. 1) . Another simulation was conducted near Missoula, MT, USA ($4 h southeast of Libby) to serve as a control.
All the investigators participating in this study completed a 40-h Occupational Safety and Health Administration (OSHA) Hazardous Waste Operations and Emergency Response course or demonstrated competency via education and/or professional certifications (industrial hygiene PhD, certified industrial hygienist). In addition, investigators participated in a training/planning session developed specifically for the harvest simulations. A site safety and health plan was also written and submitted to the Libby EPA supervisor for approval. All investigators obtained medical clearance to wear negative pressure respiratory protection and passed quantitative fit tests within the past year.
Trees selected for the harvesting simulation at each site consisted of three to four standing dead and three to four downed trees. The location of each simulation site was identified and recorded using a Garmen Etrex 12 channel global positioning system. Tree species were identified and documented. Prior to harvesting, a minimum of one 200-gm bark sample was collected from two sides of each tree $1.2 m from the base. Additional bark samples were collected from randomly selected harvested trees at 1.2 m intervals from the base to the treetop. The bark was collected by prying off sections with a small pry bar and placing them in labeled plastic bags. The bags were then sealed and labeled and the pry bar was cleaned with a wet wipe after each collection. The bark samples were preserved for later analysis by transmission electron microscopy (TEM).
New PoulanÒ model 3416 gas chain saws were used for each research simulation trial. The chain saw was replaced prior to each trial in order to avoid cross-contamination and to ensure that the condition of the chain (sharpness) remained consistent. The harvesting simulation process at each site consisted of downing the tree, removing tree branches and sawing the log into 30-cm-long blocks. The blocks were then gathered and stacked in a pile $20 m away. Four to five investigators participated in each simulation trial, with the work practices employed by each investigator remaining consistent throughout each of the trials. One investigator operated a chain saw, while a second investigator assisted the chain saw operator by clearing debris, moving downed trees and holding downed trees steady while being sawed. Two investigators gathered the wood blocks and stacked them into piles. An additional investigator was present for trials 2 and 3 and served as a data recorder.
Personal breathing zone (PBZ) samples were collected during the trials using non-conductive threepiece asbestos sampling cassettes. The cassettes contained 25 mm, 0.8 lm pore size mixed cellulose ester membrane filters. SKC Aircheck 224 sampling pumps were calibrated before and after each trial with a GilianÒ Gilibrator 2 primary flow meter at a flow rate of 4 l min À1 . Throughout each trial, each investigator wore a sampling pump with the asbestos cassette placed in the breathing zone. PBZ samples were analyzed for fibers per National Institute for Occupational Safety and Health's Manual of Analytical Method 7400, Asbestos and Other Fibers by phase contrast microscopy (PCM) (NIOSH, 1994) and for asbestos per EPA's Asbestos Hazard Emergency Response Act's (AHERA), Airborne Asbestos by TEM (USEPA, 1987) . AHERA requires selected area electron diffraction and energy dispersive X-ray analysis to determine mineral type and elemental composition (asbestos types). AHERA analysis was enhanced by recording individual fiber dimensions rather than classifying them into two size categories. Fibers classified as 'actinolite/tremolite' also included the winchite/richterite fibers characterized by Meeker et al. (2003) .
All air samples were analyzed by DataChem Laboratories (Cincinnati, OH, USA), a laboratory accredited by the American Industrial Hygiene Association (PCM), the National Voluntary Laboratory Accreditation Program (TEM) and the New York State Department of Health Environmental Laboratory Approval Program (PCM and TEM). PBZ samples submitted included 10% field blanks.
In addition to PBZ sampling, surface wipe sampling of the outer layer of TyvekÒ clothing was conducted at the conclusion of each trial. The wipe sampling protocol followed the American Society for Testing and Materials (ASTM) D 6480-05 procedures, Wipe Sampling for Settled Asbestos (ASTM, 2006) . Wipes were collected with SKC Ghost Wipes pre-moistened with deionized water. A 10 by 10 cm SKC disposable manila paper template was used for each wipe. A wipe sample was gathered on each investigator's chest and upper thigh. The site of the chest wipe sample and thigh sample (right/left) was randomly selected. The two wipe samples collected for each investigator were submitted for analysis as a composite sample. In addition to the post-harvest wipes collected, pre-harvest wipes, inner layer Tyvek wipes and 10% field blanks were analyzed. The wipe samples were analyzed for asbestos per ASTM's D 6480-05 Method, TEM Asbestos Analysis (ASTM, 2006) by DataChem.
The average duration of each firewood harvest simulation was 89 min, with 45-50 min dedicated to the harvest simulations and the remaining time associated with bark collection. The harvest duration was limited to minimize the potential to overload the sample media.
RESULTS AND DISCUSSION
Multiple tree bark samples were collected from standing dead or fallen trees selected for harvesting during both the control harvest in Missoula and the firewood-harvesting simulations conducted within the Libby restricted zone. The samples were Evaluation of asbestos exposures during firewood harvesting 719 collected from common coniferous tree types [lodgepole pine (Pinus contorta), ponderosa pine (Pinus ponderosa), larch (Larix occidentalis) and Douglas fir (Pseudotsuga menziesii)] found within the area and are representative of the types of trees typically burned during residential home heating in western Montana. Amphibole fibers were not detected in bark samples collected from Missoula, MT, USA. Eight bark samples analyzed to date from the Libby EPArestricted zone (collected in the same area where the firewood-harvesting simulations were conducted) revealed substantial amphibole fiber concentrations ranging from 7 to 97 million fibers per square centimeter of bark surface area. These concentrations are consistent with amphibole contamination in tree bark previously reported by Ward et al. (2006) . Fiber dimension analyses of the bark samples revealed that the majority of the asbestos fibers detected were ,5 microns in length. Results from the bark samples collected in these trials showed that all identified fibers were typical of the Libby vermiculite amphibole contaminants, with typical elemental composition of Si . Mg . Ca . Fe . Na . K (Meeker et al., 2003) . There were no length-based differences in the elemental composition of fibers. PBZ samples collected during the firewoodharvesting trials were analyzed for asbestos by both PCM and AHERA TEM. Fibers were observed on all samples analyzed by PCM, excluding field blanks. The PCM fiber concentrations from the control (Missoula) trial ranged from 0.01 to 0.02 fibers per milliliter. The National Institute for Occupational Safety and Health (NIOSH) PCM method cannot identify fiber types (Dodson and Hammar, 2006) , but AHERA TEM analysis revealed fibers in the control samples to be organic, non-asbestos (cellulose), with no asbestos concentrations above the AHERA TEM analytical sensitivity (AS) of (0.009-0.01 structures per milliliter). Table 1 presents PBZ air sampling results, including the mean PBZ asbestos concentrations (measured by PCM and AHERA TEM, respectively) and the standard deviation (SD) from the three harvest trials per task (chain saw operator, operator assistant and wood stackers 1 and 2). While the PBZ sample from the chain saw operator's assistant revealed the highest mean total asbestos concentration (column 5, Table 1 ), overall no significant differences were observed in PBZ asbestos concentrations between tasks.
Differences were observed in the concentration of shorter fibers (,5 lm long) compared to the concentration of longer fibers (.5 lm long) (P 5 0.055) for PBZ air samples. The mean concentration of asbestos fibers ,5 lm long for all samples gathered from the Libby EPA-restricted zone trials was 0.15 fibers per milliliter, SD 5 0.21, while mean concentration of asbestos fibers .5 lm long for all samples gathered from the Libby EPA-restricted zone trials was 0.07 fibers per milliliter SD 5 0.08 (row 6, Table 1 ). Three of 12 analyses for fibers .5 lm long from the Libby EPA-restricted zone trials revealed concentrations that were less than the AS of 0.0148, 0.0145 and 0.0148 fibers per milliliter, respectively. In order to perform statistical analysis on concentrations that were less than the AS, a value equal to the AS divided by the square root of 2 was used (Hornung and Reed, 1990) .
In terms of fiber counts reported by the laboratory (not shown), 69% of the fibers collected on PBZ samples were ,5 lm long. This is consistent with ambient air sampling trends reported for Libby (ATSDR, 2003) .
Due to the lack of public exposure limits for asbestos applicable to this situation, PBZ concentrations were compared with occupational exposure limits. The current occupational 8-h time-weighted average (TWA) exposure limit for asbestos is 0.1 fiber per milliter for fibers .5 lm in length, with an aspect ratio (length:width) !3:1, as determined by PCM (OSHA, ACGIH, 2001 ). The NIOSH recommended exposure limit for asbestos is identical except that it is based on a 10-h TWA (NIOSH). In addition to One of three samples had loose material on the filter and was prepared using an indirect preparation method. b Two samples were less than the AS of 0.0145 and 0.0148 structures per milliliter, respectively. AS divided by the square root of 2 was used to calculate mean concentration. One sample was less than the AS of 0.0148 structures per milliliter. AS divided by the square root of 2 was used to calculate mean concentration.
the TWA permissible exposure limit, OSHA has defined an excursion limit of 1.0 fiber per milliliter averaged over a sampling period of 30 min. For individual PBZ harvest trial samples for fibers .5 lm (not shown in Table 1 ), two of three samples from both the chain saw operator and the operator's assistant exceeded the OSHA exposure limit of 0.1 fiber per milliliter, assuming an 8-h exposure duration, while one of three PBZ samples from both of the wood stackers exceeded the OSHA exposure limit assuming an 8-h exposure duration when analyzed by PCM.
A substantial portion of cellulose (from sawdust) fibers was expected in PCM analyses. AHERA TEM analyses were performed to describe the fiber population. In terms of fiber counts reported by the laboratory (not shown in Table 1 ), more than five non-asbestos fibers (organic, gypsum) were identified on all PBZ AHERA TEM samples. AHERA TEM analyses for the concentration of asbestos fibers .5 lm revealed that 3 of 12 samples exceeded the OSHA PEL, assuming an 8-h exposure duration (not shown in Table 1 ). These samples were collected on the chain saw operator's assistant and wood stackers 1 and 2 during the firewood harvest trial 3.
The current regulatory methods of counting fibers based on fiber length and aspect ratio may not adequately describe the risk of asbestos-related health effects. Fiber size, shape and composition contribute collectively to health risks in ways that are currently being evaluated (ATSDR, 2003) . Although we compared concentrations of asbestos .5 lm to occupational exposure limits, the concentrations of fibers ,5 lm may contribute to health risks.
Surface wipe sampling of the outer layer of Tyvek clothing was conducted at the conclusion of each trial. These wipe samples were analyzed for asbestos fibers by TEM with results presented in Table 2 . All the field blank, inner layer Tyvek and pre-harvest outer layer Tyvek wipe samples showed no asbestos contamination and were below the AS (878 structures per square centimeter) for the D 6480-05 TEM method. There was a striking difference between the sizes of the asbestos fibers (length) measured from the suits following the firewood-harvesting simulations, with significant concentrations of the shorter fibers (,5 lm) found when compared to longer fibers (.5 lm in length) (P 5 0.038). The mean concentration of asbestos fibers ,5 lm long for all Libby restricted zone post-harvest wipe samples was 27 192 fibers per square centimeter, SD 5 36 749. The mean concentration of fibers .5 lm in length for all Libby restricted zone post-harvest wipe samples (and for each job description) was more consistent compared to the smaller fibers detected, with 2634 fibers per square centimeter (SD 5 1983) measured. One of 12 wipe sample analyses for fibers .5 lm long revealed concentrations that were less than the AS of 5270 fibers per square centimeter. In order to perform statistical analysis on concentrations that were less than the AS, a value equal to AS divided by the square root of 2 was used (Hornung and Reed, 1990) .
Wipe samples collected from the chain saw operator and the chain saw operator's assistant after harvest trial 1 showed concentrations of asbestos fibers ,5 lm long at least six times the asbestos wipe concentrations measured from the two wood stackers Table 2 ). However, this same trend was not observed for harvest trials 2 and 3. There were no statistically significant differences observed in wipe asbestos concentrations between the four investigators.
CONCLUSION
Results from the firewood-harvesting simulations conducted within this study indicate that amphibole fibers can become liberated from trees when harvesting firewood in asbestos-contaminated areas. Bark samples collected in the same area where the firewood-harvesting simulations were conducted revealed substantial amphibole fiber concentrations ranging from 7 to 97 million fibers per square centimeter of bark surface area. The majority of the PBZ samples collected during the EPA-restricted zone harvest simulations showed concentrations above analytical sensitivities (21 of 24 samples), while PBZ samples collected during a control harvest simulation did not detect asbestos fibers above TEM analytical sensitivities. A higher concentration of shorter fibers (,5 lm) was observed on the PBZ air samples compared to longer fibers (.5 lm), and the task performed by each investigator was not a factor in their PBZ exposures. The wood stackers had PBZ exposures comparable to the investigators much closer to the source; i.e. the chain saw operator and the chain saw operator's assistant. The lack of difference in exposure between the investigators indicates that the plume was not narrowly localized.
In addition to the airborne exposure potential associated with harvesting amphibole-contaminated trees, there is also a strong potential for clothing contamination. Wipe samples collected from the investigators' chest and thigh revealed asbestos fiber contamination above the AS in 23 of 24 samples. Clothing contamination may serve as a secondary source of exposure to those that harvest amphibolecontaminated wood. In addition, family members, etc., not directly exposed to asbestos during firewood harvests, may be exposed while laundering contaminated clothing. As noted with PBZ samples, there were no significant differences in wipe sample concentrations between the four investigators. And, consistent with the PBZ samples, a higher concentration of fibers ,5 lm was observed on the wipe samples compared to longer fibers (.5 lm).
The authors recognize that the firewood-harvesting simulations presented in this study represent near worst-case scenarios. The study was conducted on US Forest Service land within the EPA-restricted zone. This area is currently secured and not available to the public for firewood harvesting. However, areas within the Libby EPA-restricted zone have historically been utilized for public firewood harvesting and commercial logging. Amphibole contamination in tree bark has been demonstrated in areas near Libby that are outside of the Libby EPA-restricted zone. The results of this study suggest that similar exposure potentials may exist to members of the public when harvesting firewood or to commercial loggers working in the Libby area. Further studies are needed to address the degree of amphibole contamination in tree species outside of the Libby EPA-restricted zone and the related risk to members of the public as well as occupational exposure groups.
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